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Abstract 

Although microhymenoptera are highly abundant in all terrestrial ecosystems, they are overlooked in most 
of insect monitoring studies due to their small-size and demanding identification linked with lack of 
taxonomic experts. Until now, it is unclear to what extent microhymenoptera are affected by insect de- 
cline, as there is a huge knowledge gap on their abundance. To fill this knowledge gap, we used Malaise 
trap samples from three study sites of a complete vegetation period (March to November) of an ongoing 
insect monitoring study in south-western Germany (i) to study the relationship of insect total biomass, 
and abundance and diversity of microhymenoptera, and (ii) to assess the phenology of microhymenoptera 
families. Our results show that microhymenoptera abundance and diversity are positively correlated with 
total insect biomass, indicating that insect biomass is a valuable proxy for insect abundancy trends even for 
small-sized insects. In total, we counted 90,452 specimens from 26 families belonging to 10 superfamilies 
of Hymenoptera. Microhymenoptera numbers peaked twice during the year, first between June and July 


and second between July and August. Interestingly, egg-parasitoids, such as Scelionidae, Mymaridae and 


Copyright Maura Haas-Renninger et al. This is an open access article distributed under the terms of the Creative Commons Attribution License 
(CC BY 4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited. 


700 Maura Haas-Renninger et al. / Journal of Hymenoptera Research 97: 699-720 (2024) 


Trichogrammatidae had a slightly shifted second activity period in August and September. Our data pro- 
vides a baseline for the occurrence of microhymenoptera in meadow ecosystems in south-western Germany 


and underlines the potential of mass samples to study microhymenoptera in the context of insect decline. 
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Introduction 


The global decline of insects (Hallmann et al. 2017; Sanchez-Bayo and Wyckhuys 2019; 
Seibold et al. 2019; Wagner et al. 2021) poses a major threat to humankind, as insects 
play an essential role for our ecosystems through providing functions such as pollination 
(Klein et al. 2007), natural balance of populations (DeBach and Rosen 1991), and nu- 
trient cycling (Yang and Gratton 2014). Therefore, long-term assessments of insect pop- 
ulation trends are necessary to implement and adapt conservation measures to preserve 
insects in the future. In recent years, several insect monitoring studies were conducted 
(e.g. Seibold et al. 2019; Karlsson et al. 2020; Lehmann et al. 2021; Staab et al. 2023), 
which are all facing various constraints. First, they are limited through funding sourc- 
es (often granted only for a few years) and trained personnel for insect identification. 
Second, many long-term studies focus only on specific target groups, such as butterflies 
(Thomas 2005), wild bees (Turley et al. 2022), beetles, true bugs, grasshoppers and spi- 
ders (Seibold et al. 2019). Such groups are relatively well studied, easy to identify and 
historically used as indicators for diversity and landscape changes. In addition, calibrat- 
ing estimates of abundance for long term studies can be difficult even for target groups 
as it highly depends on the trapping type used for the assessment (Battles et al. 2024). 

An alternative to focusing on specific insect taxa is to use biomass as a proxy for 
abundance of insects. This has been done in the landmark study by Hallmann et al. 
(2017), in which biomass of flying insects was used to monitor insect population 
trends, showing a decline of 76% in insect biomass over 27 years on the study sites, 
but also in several other studies (Lister and Garcia 2018; Uhler et al. 2021; Welti et al. 
2021; Miller et al. 2023). The benefits of using biomass is that the weighing setup is 
cheap, it can be done in a standardized way, and there is no need for time-consuming 
counting of specimens or taxonomic identification. However, the use of biomass as a 
proxy for diversity is also highly controversial (Hallmann et al. 2021b; Redlich et al. 
2021). Intensive land use can lead to the mass occurrence of few insect species, com- 
promising the relationship between biomass and diversity. In addition, the assessment 
of insect diversity using metabarcoding results still has methodological weaknesses that 
lead to bias in the data patterns (Zizka et al. 2022). Consequently, it depends on many 
factors to derive statements on species diversity from biomass information. 

Malaise traps are used widely to assess biomass of flying insects in a standard- 
ized way. The two insect orders that are most abundant in such Malaise trap samples 
are Diptera and Hymenoptera (Geiger et al. 2016; Srivathsan et al. 2023). Although 
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numerous, especially small-sized parasitoid Hymenoptera (microhymenoptera) rep- 
resent only a small fraction of the total biomass, where they are mostly considered 
‘by-catch’ and remain unprocessed. This is problematic, because Hymenoptera are as- 
sumed to be the most diverse animal order in the world (Forbes et al. 2018), and play 
an important role in many terrestrial ecosystems. Ecologically, parasitoid Hymenoptera 
are important as top-down regulators of their specific hosts, often herbivorous insects 
(LaSalle 1993; Heraty 2017) and are essential for the resilience of ecosystems (LaSalle 
and Gauld 1991; Grissell 1999). In ecological studies, they can serve as indicators for 
the presence of their hosts (Anderson et al. 2011). Due to their high position in the 
food web, parasitoids are also particularly prone to extinction (Hassell 2000; Wagner 
et al. 2021; Klaus et al. 2023), although only few studies focused on their potential 
decline (but see Gatter et al. 2020; Janzen and Hallwachs 2021). 

One reason for the neglect of parasitoid Hymenoptera in biodiversity studies is 
that they harbour many so-called ‘dark taxa’, which are extremely species-rich groups 
of small-sized insects that are hard to identify and that harbour mostly undescribed 
taxa (Shaw and Hochberg 2001; Hausmann et al. 2020a; Hartop et al. 2022). The 
taxonomic work that would be necessary to describe and identify dark taxa often lacks 
funding sources as taxonomy is poorly recognized in science and the public (but see 
Behm 2018). As a consequence, the scarcity of experts contributes to the taxonomic 
impediment (Engel et al. 2021). Altogether, this leads to a huge knowledge gap not 
only on the diversity of parasitoid Hymenoptera in terrestrial ecosystems, but also 
on their potential threat through agricultural activities (SAnchez-Bayo and Wyckhuys 
2019), like mowing or pesticide application (Briihl et al. 2021; Schofer et al. 2023). 

To fill this gap, we studied microhymenoptera in Malaise trap samples of an ongo- 
ing insect monitoring program in south-western Germany. As Hallmann et al. (2017) 
highlighted the relevance of insect biomass for monitoring insect abundance trends, we 
studied the relationship of insect total biomass, and abundance and diversity of micro- 
hymenoptera to see, if a decrease in insect total biomass of Malaise trap samples, can be 
also indicatory of a decrease of microhymenoptera. Moreover, we provide a phenology 
for different families of microhymenoptera of semi-arid grassland of south-western 
Germany. These data can be used for the timing of potentially harmful agricultural 
activities, e.g. mowing (Haas-Renninger et al. 2023b) or pesticide application, to avoid 
high activity periods of microhymenoptera. 


Methods 


Site selection and environmental data 


To obtain data on microhymenoptera families from sites that have a comparably high 
potential to harbour intact insect communities including rare or endangered species, 
three sites with high conservation values (CV) were selected out of twelve study sites 
sampled in 2019 within the project “Aerial Biomass” of the insect monitoring program 
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(see Sampling and specimen handling). We used the CV according to Gorn and Fis- 
cher (2011), calculated from the number and threat level of wild bees as indicator 
species. Wild bees are considered useful indicators on the landscape level, as they are 
dependent on specific habitat requirements for reproduction and nesting (Schindler et 
al. 2013; [werd et al. 2021). The data were obtained from the project “Aerial Biomass” 
(LUBW, unpublished). Threat levels are based on the German Red List (Westrich et al. 
2011) and the Red List for bees in Baden-Wuerttemberg (Westrich et al. 2000). We use 
the term “trap location” for the exact location of the Malaise trap and the term “study 
site” for the trap location including a 500 m radius around the trap. 

Statistical analyses were performed using the software ‘R’, version 4.0.4 (R Core 
Team 2021). To select three similar study sites from the twelve study sites that were 
sampled in 2019, we used available data on wild bee abundance. We calculated a hier- 
archical cluster analysis, method ‘binary’ data with complete linkage, to identify those 
study sites that cluster together. For climate data, we used daily station observations 
of mean temperature at 2 m above ground in °C and precipitation height in mm from 
the Climate Data Centre (DWD 2023; see above) from weather stations close to the 
study sites (< 17 km). We calculated the means over our two-week collecting periods. 
The proportion of land use around the trap location was calculated in QGIS (ver. 
3.32.3-Lima, http://www.qgis.org). Therefore, different land uses were identified and 
mapped through georeferenced, digital orthophotos (resolution of 20 cm per pixel, 
imaged in 2018 by the Landesamt ftir Geoinformation und Landentwicklung Baden- 
Wuerttemberg) in a radius of 500 m around the trap location. The area for each land 
use type was then calculated within QGIS and converted in percentages. 


Sampling and specimen handling 


We used Malaise trap samples from the project “Aerial Biomass” of the insect moni- 
toring program in south-western Germany at the Stuttgart State Museum of Natural 
History (SMNS), which was launched in 2018 by the State Institute for Environment 
Baden-Wuerttemberg (LUBW, _https://www.lubw.baden-wuerttemberg.de/natur-und- 
landschaft/insektenmonitoring). The aim of this program is to monitor long-term insect 
population trends using total insect biomass, and abundance and species richness of wild 
bees in protected and non-protected sites. The traps and methods are standardized and 
based on the recommendations by the Entomological Society Krefeld (Ssymank et al. 
2018). The Malaise traps were set up in 2019 from the end of March until the beginning 
of November and emptied every two weeks, resulting in 16 samples per study site. Ma- 
laise traps according to the model by Henry Townes (Townes 1972) adapted after Schwan 
et al. (1993) were placed in the sites by members of the Entomological Society of Krefeld. 

We used the samples from the three sites from the whole collecting period in 
2019, resulting in 48 samples. We used the fractionator method based on Buffington 
and Gates (2008) with an adapted protocol (Haas-Renninger et al. 2023a) to more 
easily obtain our target taxa of microhymenoptera. This method is based on a sieve 
(2 mm mesh size) in a plastic tub into which a full fluid-conserved insect sample can be 
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poured in and carefully size fractioned on an orbital shaker. Both size fractions (macro 
and micro) were stored in a freezer at -20 °C at Stuttgart State Museum of Natural 
History (SMNS) until further processing. Only the micro fraction was used for further 
analyses. Therefore, larger-sized species of certain families remained in the macro frac- 
tion and thus might not be covered in the phenology of the Hymenoptera families. 
Hymenoptera specimens from all micro fractions were sorted out, counted and 
identified at least to family level using Goulet and Huber (1993). Formicidae were not 
investigated. Wild bees had been sorted out before the fractioning process. The mi- 
crohymenoptera were stored in 99.6% pure ethanol and remained in the freezer until 
further processing. As not all families that we obtained have a parasitoid lifestyle, we 
use the term ‘microhymenoptera’ instead of ‘parasitoid Hymenoptera for our data. We 
use the term ‘abundance’ for the total number of counted specimens of a specific taxon. 


Insect biomass, microhymenoptera abundance and diversity 


Insect biomass data are unpublished and were obtained from the project “Aerial Bio- 
mass’. To test how total microhymenoptera abundance and diversity relate to insect bi- 
omass, we used statistical models. As our data were count data, we calculated a general 
linear model (family ‘poisson’) with total abundance of microhymenoptera as depend- 
ent variable, total insect biomass (in grams per sample) as explanatory variable, Julian 
Day number (JDN, end date of each two-week collecting interval), mean temperature 
and precipitation as covariates, and study site (n = 3) as factor. To study the relation- 
ship of microhymenoptera diversity and insect biomass, we calculated a linear model. 
We used the R package ‘vegan’ version 2.6-4 (Oksanen et al. 2022) to calculate the 
Shannon diversity index (H’) of every sample using microhymenoptera abundance on 
family level. Data were checked for normal distribution using Shapiro—Wilk normality 
test. Residual plots were optically checked for homogeneity of variances. We used fam- 
ily diversity as dependent variable, total insect biomass as explanatory variable, Julian 
Day number (JDN, end date of two week collecting interval), mean temperature and 
precipitation as covariates, and study site (n = 3) as factor. For fitting the model, we 
used ANOVA to gradually subtract explanatory variables that had no significant effect. 
In addition, we created a model selection table based on small sample corrected AICc 
(package ‘AlCcmodavg’, Suppl. material 1: table $3). Our final model included total 


insect biomass as explanatory variable and study site as factor. 


Results 
Site selection 
From all twelve study sites from 2019, conservation values were highest for study site 


Apfelberg (CV = 237.5), Steiner Mittelberg (CV = 157.5), Weissach (CV = 132.5) and 
Kollbachtal (CV = 200) (Suppl. material 1: fig. S1). In a hierarchical cluster analysis 
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based on conservation values sites Apfelberg and Steiner Mittelberg clustered together 
and were closer to Weissach than to Kéllbachtal (Suppl. material 1: fig. $2). Probably, 
this is because study site K6llbachtal differs markedly from the other three sites in terms 
of habitat characteristics (e.g., high moisture). Therefore, study sites Apfelberg, Steiner 
Mittelberg, and Weissach were chosen for our analysis. These sites are characterized by 
dry, low-intensity managed meadows and were mown or grazed only twice a year. 


A) Apfelberg 


The study site on the nature conservation area “Apfelberg” Schutzgebiets-Nr. 2.217 
near Karlsruhe, Baden-Wuerttemberg (Table 1) is characterized by an extensively man- 
aged meadow with southern exposure (Fig. 1A). The study site was mown once between 
mid-July and end of July without removal of cut grass. Between end of September and 
beginning of October, sheep were grazing on the site. The trap location is surrounded 
by densely growing woody plants towards the north and west, including fruit trees and 
bushes (Fig. 2A). The study site is surrounded by vineyards and agricultural fields and 
towards the east, it is richly structured with woodlands and small patches of grassland. 
The site slopes southwards, where it is dominated by meadows and agricultural sites. 
Within a radius of 50 m surrounding the trap, the plant community is characterized 
by an oat grass meadow with elements of a semi-arid grassland. 


B) Steiner Mittelberg 


The study site on the nature conservation area “Beim Steiner Mittelberg” Schutzge- 
biets-Nr. 2.119, thereafter referred to as “Steiner Mittelberg” near Karlsruhe, Baden- 
Wuerttemberg (Table 1), is an extensively managed meadow. It is located in a dry 
valley surrounded by agricultural sites, that are managed organically (Fig. 1B). The site 
was mown between end of May and beginning of June and between mid- and end of 
August with the cut grass having been partly removed. Northwards, there are meadow 
orchards and gardens located close to a small forest (Fig. 2B). Westwards, there are 
managed meadows and an extensive forest. The site slopes towards the south, border- 
ing on agricultural sites with wheat fields and smaller forest patches. The plant com- 
munity is not fully developed and shows an interrupted stock of semi-arid grassland 
and oat grass meadow elements. 


C) Weissach 


This study site is on a grassland area near Weissach, OFS 124 (Fig. 1C) located between 
Stuttgart and Karlsruhe, Baden-Wuerttemberg (Table 1). In contrast to the others, it 
does not belong to a nature conservation area and is a low-intensity managed meadow, 
near a test track for cars (Fig. 2C). This might influence the comparability with the 
other sites (Hausmann et al. 2020b). The site was mown between end of May and be- 
ginning of June, with removal of cut grass, and a second time in June, with the cut grass 
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removed around two weeks later. North of the site, there is a small wood patch, which 
is surrounded by intensively managed agricultural areas (Fig. 2C). Towards the East, a 
heap of stones separates the site from a small wood patch, which is surrounded by fur- 
ther agricultural sites and woodland. ‘The area slopes towards southeast, where there is 
a row of fruit trees alongside the meadow, followed by small wood patches and meadow 
areas. Westwards, the meadow is bordered by the test track. The plant community 
can be described as an Onobrychido-Brometum erecti, a sainfoin-brome grass semi-arid 
grassland, which is strongly impoverished, and that develops into ruderal vegetation. 
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Figure |. Malaise traps on semi-arid meadows in Baden-Wuerttemberg, south-western Germany, with two 


protected areas (A Apfelberg B Steiner Mittelberg) and one non-protected area (C Weissach). Black dots sym- 
bolize other study sites that were not further analysed in this study (for details, see Suppl. material 1: table S1). 
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Figure 2. Land use types in a radius of 500 m around the Malaise trap of the three study sites A Apfel- 
berg B Steiner Mittelberg and C Weissach in Baden-Wuerttemberg, south-western Germany. The white 
dots in the centre of each circle symbolize the Malaise trap location. For land use proportions per study 


site in percent, see Suppl. material 1: table S2. Geobasisdaten © LGL, www.lgl-bw.de; RIPS, LUBW. 


Table I. Details on selected study sites. Start date: set up of Malaise trap; End date: dismantling of 
Malaise trap; DWD weather station: accessed using the Climate Data Centre (DWD 2023, https://www. 
dwd.de/DE/Home/home_node.html). 


Study site A) Apfelberg B) Steiner Mittelberg C) Weissach 
Trap location 49.16754°N, 8.7903°E; 48.97039°N, 8.65899°E;  _ 48.84296°N, 8.91448°E; 
178 m AMSL 240 m AMSL 438 m AMSL 
Start date 23-03,201:9 23:03.2019 23.03:2019 
End date OS. 112019 06.11.2019 05.11.2019 
DWD Temperature “Waibstadt”; Germany, “Pforzheim-Ispringen’; “Renningen-[hinger Hof”; 
weather data 49.2943°N, 8.9053°E; 237. Germany, 48.9329°N, Germany, 48.7425°N, 
station AMSLI; linear distance to 8.6973°E; 332 m AMSL; —8.9240°E; 478 m AMSL; 
trap: 16.38 km linear distance to trap: linear distance to trap: 
5.02 km 11.19 km 
Precipitation | See Temperature data See Temperature data “Weissach”; Germany, 
data 48.8457°N, 8.9073°E; 455 
m AMSL; linear distance to 
trap: 0.61 km 


Insect biomass, microhymenoptera abundance and diversity 


In total, we counted 90,452 microhymenoptera specimens that we could assign to 26 
families in 10 superfamilies. We found a significant relationship between insect bio- 
mass, study site, JDN, temperature, precipitation, and microhymenoptera abundance 
(Table 2). The linear model to study the relationship of insect biomass and diversity 
was also significant (Table 2). There was a significant relationship between diversity of 
microhymenoptera families, total insect biomass and study site (Table 2), while JON 
and temperature were not significant. 
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Table 2. The results of linear models for abundance of microhymenoptera and diversity of microhyme- 


noptera families. 


Abundance Estimate Std. Error z value p 
(Intercept) -4414.00 205.70 -21.46 
Insect total biomass 0.00 0.00 -6.00 <0.001*** 
Study site 0.93 0.01 92.22 <0.001*** 
JDN 0.42 0.01 43.15 <0.001*** 
Temperature 0.00 0.00 21.48 <0.001*** 
Precipitation 0.18 0.00 100.00 


Null deviance: 61345.1 on 47 degrees of freedom 
Residual deviance: 4668.6 on 41 degrees of freedom 


Diversity Df Sum Sq Mean Sq F value Pp 
Insect total biomass 1 0.16 0.16 8.85 0.005** 
Study site 2 0.16 0.08 4.48 0.017* 
Residuals 44 0.77 0.02 - - 
Observations 48 

Multiple R? 0.29 

Adjusted R? 0.24 

? 0.002 


Seasonal changes in microhymenoptera 


The study site Steiner Mittelberg had the highest abundance with 45,678 specimens, 
followed by Weissach with 24,037 specimens and Apfelberg with 20,737 specimens. 
The microhymenoptera family with the highest abundance was the family Mymaridae. 
It dominated throughout the year at Steiner Mittelberg and was outnumbered at Ap- 
felberg only from April to June by Platygastridae, in July to August by Scelionidae and 
in September by Trichogrammatidae. At Weissach, Mymaridae was only outnumbered 
from July to August by Scelionidae and in September by Trichogrammatidae (Suppl. 
material 1: fig. S3). 

The lowest abundance of microhymenoptera were observed at all three study sites 
between March and April in spring, and between Mid-September and October in 
autumn. The abundance reached a first peak between June and July, a second peak 
between July and August and a final small peak in October (Fig. 3). At Steiner Mit- 
telberg, there was an additional forth peak mid-August (Fig. 3b). Some families peaked 
early in the season (e.g. Platygastridae) and some showed high activity also in the late 
season (e.g. Figitidae, Trichogrammatidae). Some families had only one activity peak 
(e.g. Scelionidae, Mymaridae), whereas others had two (e.g. Figitidae, Eulophidae), 
or three (e.g. Trichogrammatidae). Also, timing and number of peaks of the families 
differed between the three sites. Families that were rarely found in the micro fractions, 
such as Proctotrupidae, Cynipidae, Ormyridae, Signiphoridae, Tetracampidae, Tory- 
midae, Mymarommatidae and Crabronidae are shown in Suppl. material 1: fig. S4. 

Interestingly, there was no consistent decline in microhymenoptera after mow- 
ing neither for total abundance (Fig. 3), nor for abundance of the different families 
(Figs 4, 5). For the total number of specimens, mowing was followed by a sharp de- 
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Figure 3. Seasonal abundance of microhymenoptera from Malaise traps at three study sites a Apfelberg 
b Steiner Mittelberg and ¢ Weissach in Baden-Wuerttemberg, south-western Germany. The arrows mark 


mowing events and the asterisk marks grazing activities. 
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Figure 4. Seasonal abundance patterns of different microhymenoptera families from Malaise traps at three 
study sites in Baden-Wuerttemberg, south-western Germany. Families are sorted by the time of the first activ- 
ity peak. Only families with n > 20 during their activity peak are shown. Underlined values indicate mowing 
activity, except for one sheep grazing event at Apfelberg in September/October. *: Family definition of ‘Ptero- 
malidae’ is based on Goulet and Huber (1993) as specimen identification was done before Burks et al. (2022). 
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Figure 5. Seasonal abundance patterns of different microhymenoptera families from Malaise traps at 
three study sites in Baden-Wuerttemberg, south-western Germany. Families are sorted by the time of the 
first activity peak. Only families with n > 20 during their activity peak are shown. Underlined values indi- 
cate mowing activity, except for one sheep grazing event at Apfelberg in September/October. 
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crease at Apfelberg in July and in Steiner Mittelberg in August, but an increase after 
grazing in Apfelberg in September, and after mowing in May in Steiner Mittelberg, 
and in Weissach in May and July. 


Discussion 


To the very best of our knowledge, this is the first study on the diversity and the phe- 
nology of different families of microhymenoptera in meadow ecosystems using Malaise 
traps. Because it is currently not possible to study the abundance and the diversity of 
taxonomic groups in parallel at the same time using molecular methods, several thou- 
sands of microhymenoptera had to be sorted manually on family level, which took 18 
person-months in the present study. Therefore, we restricted our analysis to data from 
one year and three sites. However, because all three sites are very similar, we consider it 
likely that these data are representative for insect communities in semi-arid grasslands 
of south-western Germany. 

A current discussion revolves around the relationship between biomass of insects 
and biodiversity, and the potential of certain taxa to serve as indicators for biomass 
or species richness (Redlich et al. 2021; Uhler et al. 2021). This is important for the 
interpretation of recent data on insect decline and its ecological consequences, based 
on biomass data from malaise trap catches (Hallmann et al. 2017; Uhler et al. 2021). 
Recently, Hallmann et al. (2021a) found a significant relationship between hoverfly 
abundance and species richness with the total biomass of insects in malaise trap catches 
from six locations in North Rhine-Westphalia, Germany. These locations were also 
studied in the Krefeld study (Hallmann et al. 2017), at two time points, 1989 and 
2014. From this, Hallmann et al. (2021a) concluded that the biomass decline reported 
by Hallmann et al. (2017) is in fact associated with a decline in abundance and diver- 
sity of hoverflies, and possibly other taxa as well. A positive correlation with hoverflies 
was confirmed by Redlich et al. (2021), and Uhler et al. (2021), using insect biomass 
data from malaise traps at 179 locations in South Germany from different habitats. 
Interestingly, the correlation of total insect biomass with species richness differed de- 
pending on temperature and habitat but was significantly positive in all habitats for 
Diptera, Lepidoptera and Orthoptera, but not for other groups on all studied habitats. 
From this, it was concluded that hoverflies might be indicators for large-bodied insect 
taxa such as Orthoptera and Lepidoptera, while taxa with small body size, but high 
diversity have less impact on biomass (Redlich et al. 2021). In contrast to this idea, 
our data on microhymenoptera from low-intensity managed meadows revealed not 
only a significant correlation between total insect biomass and diversity, but also with 
abundance. We assume that this is caused by the dependence of microhymenoptera on 
the abundance of their hosts, which at least partially belong to the Lepidoptera and 
Diptera. This finding indicates that the decline of insect biomass reported by Hallman 
et al. (2017) may also affect microhymenoptera. 
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There was a positive correlation between temperature, precipitation and abun- 
dance of microhymenoptera, which has been observed also in previous studies for 
insects (Pilotto et al. 2020; Uhler et al. 2021; Welti et al. 2021; Miller et al. 2023). 
This finding is reasonable considering the fact that insects are ectothermic organisms, 
which means that with increasing temperature, their metabolism increases, which can 
lead to higher flight activity (Klowden 2013). In his study on the influence of different 
climatic factors on parasitoid Hymenoptera, Ulrich (2000) identified precipitation as 
the most important climatic factor. In contrast, Juillet (1964) concluded that tempera- 
ture and wind velocity are the main indicators of activity of Ichneumonoidea, and that 
precipitation is not an informative indicator, because of its occasional occurrence. Still, 
it remains unclear if microhymenoptera abundance and activity are affected by the 
weather directly or via their host densities. 

At all sites, wasps were collected in larger numbers only after end of May in spring, 
and after September in autumn and had between one and four peaks in activity over 
the year, mostly between June and July, in July, and between July and August. It is 
unclear, if these peaks represent several generations of wasps throughout the year or are 
caused by different species within each family with non-matching peaks. As mowing 
showed to be harmful for microhymenoptera (Haas-Renninger et al. 2023b), our phe- 
nology data indicates two periods in the year which might be suitable for activities such 
as mowing, up to end of May in spring, and after September in autumn. However, our 
data do not provide evidence for a decline of microhymenoptera due to mowing. In 
fact, from the five mowing events and one grazing event observed during our study, 
only two were associated with a subsequent decline in abundance, while an increase 
was observed in four cases (Fig. 3). The large losses of up to 64% in individuals caused 
by mowing (Haas-Renninger et al. 2023b) may not affect the population sizes in the 
field. It can be suggested that mowing had no impact because microhymenoptera have 
a short lifespan and their population sizes strongly depend on newly emerged speci- 
mens. It might be possible that our study sites were quickly re-populated after mowing 
by wasps, which emerged from unmown habitats from surrounding areas (Fig. 2). 

In our study, the most abundant microhymenopteran families were egg parasitoids 
of the families Mymaridae, Scelionidae and Trichogrammatidae, and Platygastridae. 
Boness (1953), who used sweep netting, ground eclectors and vegetation beating found 
that Chalcidoidea, the superfamily of Mymaridae and Trichogrammatidae, are the 
most abundant parasitoid wasps in meadows. This is consistent with Haas-Renninger 
et al. (2023b), which found that Chalcidoidea in general and especially Mymaridae 
dominated. However, Haas-Renninger et al. (2023b) found Ceraphronidae to be the 
family with the second largest abundance, which were found in much lower number 
in this study. This might be due to the different trapping methods, as Haas-Renninger 
et al. (2023b) used insect suction samplers. The egg-parasitoids in the families Scelio- 
nidae, Mymaridae and Trichogrammatidae show two main activities, the first between 
June and July and the second between August and September. This pattern was also ob- 
served by Ulrich (2005) for egg-parasitoid using emergence traps. Other endoparasi- 
toids, such as some Braconidae, Encyrtidae and Ceraphronidae, that use various hosts, 
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show a high activity already in mid-May, and in the case of Platygastridae even earlier 
in April. In the case of Braconidae, of which around one quarter of specimens are ex- 
pected in the micro fraction (Haas-Renninger et al. 2023a), the observed phenology 
might be due to the activity of small-sized Aphidiinae, that are parasitoids of aphids. 
The high abundance of Encyrtidae between June and July at Apfelberg might be due 
to the mass-emergence of a few species. This is for example known from the genus 
Copidosoma, which are polyembyronic parasitoids of Lepidoptera and produce a high 
number of offspring (Smith et al. 2017). For the families that we found in the sam- 
ples but did not discuss here, their biology comprises too many different host orders 
or life stages of hosts (Figitidae, Aphelinidae, Eulophidae, Eupelmidae, Eurytomidae, 
Pteromalidae), or they occurred in numbers that were too low to see a clear phenology 
(Cynipidae, Ormyridae, Signiphoridae, Tetracampidae, Mymarommatidae), partly 
due to the fractioning process (Ichneumonidae, Torymidae, Proctotrupidae, Aculeata) 
(Haas-Renninger et al. 2023a). 

In our study, we used size-fractioned samples to separate small-sized specimens 
from larger ones and focused solely on the micro fraction, as we were interested in mi- 
crohymenoptera. The efficiency of the fractionator to separate Hymenoptera families 
has already been tested (Haas-Renninger et al. 2023a) and has shown to be very useful 
in terms of specimen handling and expenditure of time considering the high number 
of sorted Malaise trap samples in this study. Our focus on the micro fraction explains 
the low numbers of Ichneumonoidea and Aculeata, which are generally very numerous 
in whole Malaise trap samples (Srivathsan et al. 2023). Another constraint of our study 
is the focus on the family level. Different genera and species within a family can have 
different phenologies depending on the host stages they are associated with (Gaasch 
et al. 1998). Nevertheless, we are confident that our results can show general activ- 
ity patterns of microhymenopteran families, which might be interesting not only for 
hymenopterists focusing on a specific family, but also for conservation management. 
Therefore, this might be the first step towards assessing parasitoid Hymenoptera in a 
long-term monitoring approach and to consider them as useful indicators for biodi- 
versity (LaSalle and Gauld 1993; Fraser et al. 2008; Anderson et al. 2011; Stevens et al. 
2013). Species of higher trophic levels such as parasitoids are at particularly high risk 
of extinction due to habitat loss and landscape homogenisation (Hassell 2000; Wagner 
et al. 2021; Klaus et al. 2023). Another critical factor is climate change which was sug- 
gested by Janzen and Hallwachs (2021) as the main driver for a decline of parasitoid 
Hymenoptera species richness in a protected rain forest over 34 years. 

We selected our study sites dependent on the conservation value which is based 
on the number and conservation status of indicator species, in our case wild bees, in 
a specific habitat (G6rn and Fischer 2011). The microhymenoptera abundance at the 
protected area Apfelberg showed more similar patterns to the non-protected area Weis- 
sach than to the protected area Steiner Mittelberg, where abundance was nearly twice 
as high. This might be due to the location of the Malaise trap at Steiner Mittelberg, 
where the trap was placed in a low-intensity managed meadow, between an organically 
cultivated field and a forest edge (Fig. 1B). Therefore, many specimens might have 
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been trapped while migrating from meadow to forest and vice versa, or while migrat- 
ing through the corridor between field and forest, especially as the Malaise trap was 
oriented orthogonally to this corridor. Edges of forests are known as insect flyways 
(Townes 1972) and trap locations directly at such border lines can massively influence 
the trap result (Hausmann et al. 2020b), which is especially the case for Weissach (Fig. 
1C). By contrast, the Malaise traps at Apfelberg (Fig. 1A) was placed more centrally in 
the meadow. As we could not see strong differences in the phenology of the different 
microhymenoptera families as well as the family composition between the sites, we 
believe that our site selection based on conservation values of wild bees together with 
the hierarchical cluster analysis was reasonable for the purpose of our study. 

Our data set forms the baseline for microhymenoptera occurrence in low-intensity 
managed meadows in south-western Germany. Our pre-sorted microhymenoptera 
specimens are a valuable resource for taxonomical approaches, such as Large-Scale In- 
tegrative Taxonomy (LIT) (Hartop et al. 2022), which aims to enable fast and reliable 
species delimitation based on preliminary species hypotheses acquired through inex- 
pensive data, such as pictures and barcodes. Parts of the microhymenoptera specimens 
sampled in our study have already been taxonomically treated in the project GBOL 
III: Dark Taxa (https://gbol.bolgermany.de/gbol3/de/gbol-dark-taxa/) resulting in new 
microhymenopteran species descriptions (Moser et al. 2023). With our study, we want 
to raise awareness for the importance of standardized long-term monitoring projects to 
observe population trends of insects. Our study also highlights the value of the ‘black 
gold’ of mass samples, containing an unknown diversity of microhymenoptera waiting 
to be discovered. 
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